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Experiments have been conducted to determine the feasibility 
of the biooonversion of cellulose into Single Cell Protein (SCP) using 
a thermotolerant, cellulolytic strain of Aspergillus terreus. Crude 
cellulases produced during the growth of fungal biomass were tested 
for their ability to generate glucose syrups by enzymatic hydrolysis 
of cellulose. Studies on continuous cultivation of glucose-limited 
A. terreus resulted in the development of a highly optimized medium 
which allowed the organism to achieve similar maximum specific growth 
rates (umaJ<} measured in batch culture. Upon proportionate increase 
of the medium compositon, there was no decrease in growth rates or in 
biomass yields from glucose (Yglucose) . Macrcmolecular analysis of 
glucose-limited A. terreus demonstrated that protein and HSIA content 
increased while cell carbohydrate decreased with increasing growth rates. 
ENA content decreased with increasing growth rates but sharply increased 
at high growth rates. Batch, semi-continuous, and continuous cultiva­
tion of cellulose-grown A. terreus shewed that 78-88% of the available 
cellulose was utilized with the biomass containing 32-35% crude protein. 
In batch and semi-continuous studies, the minimum doubling time was 
measured at 7.3 hours while under continuous cultivation conditions, the 
bicmass doubling time was 5 hours. Maximum saccharification of cellulose 
by crude cellulases of A. terreus was obtained at a temperature of 50C 
and pH 4. Under these conditions, 70-75% of the available cellulose 
was converted into syrups containing 7.0-7.5 g/1 glucose. Addition of
vi
varying concentrations of different trace metals shewed no further 
stimulation of cellulose activity suggesting that adequate concentrations 
were already present. Scale-up of saccharification experiments resulted 
in the production of syrups containing 40 g/1 glucose. These data 
suggest that the SCP and saccharification processes are competitive 
with and in some aspects, superior to existing processes.
vii
REVIEW OF LITERATURE
Batch Cultivation of Glucose-gravn Fungi
The growth of filamentous fungi in submerged culture is quite 
similar to that found in unicellular microorganisms. Studies conducted 
by Trinci and others on the growth of Aspergillus nidulans have shewn 
that there are four growth phases found in submerged culture: (a) lag
phase, (b) logarithmic phase, (d) deceleration phase, (d) stationary 
or autolytic phase.6,92
The lag phase is considered to be a period of adaptation in 
which an organism must physiologically adjust to a new environment.
This adjustment may require induction and synthesis of new en2ymes as 
well as increasing the capactiy of the protein synthesizing machinery 
to achieve maximum growth r a t e s . ^
It is generally accepted that fungal growth is autocatalytic 
or exponential in nature although some investigators adhere to the 
belief that growth is non-autocatalytic  ̂ The entire hypha or a 
constant portion of the hypha undergoes active growth resulting in an 
overall effect of exponential growth."^ Since it has been conclusively 
shown that growth occurs only at the hyphal tips, exponential growth 
occurs by profuse branching resulting in multiple hyphal tips with 
each growing at a constant exponential rate. Studies have also shown 
that germ tubes from germinating conidia grow exponentially in length .9 3 
Katz, Goldstein, and Rosenberger proposed a model for exponential growth 
of filamentous fungi based on batch culture studies with A. nidulans.
1
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It was found that the hyphal extension of short hyphae was proportional 
to the hyphal length and to specific growth rate. It was also concluded 
that the growth rate of the hyphal tip was independent of the mycelial 
specific growth rate. When the capactiy of the hypha to extend 
surpasses that of the other hyphal tips, a new hyphal tip is formed by 
branching. This model suggests that the frequency of branching would 
be proportional to the specific growth rate which was confirmed by 
these investigators. 30
A decrease in growth rate occurs in exponentially growing hyphae 
in later states of growth which marks the onset of the deceleration 
phase. This phase is followed by the stationary phase in which there 
is no net increase in growth. The cessation in growth rate may result 
due to the accumulation of waste products, exhaustion of nutrients, 
or differentiation of hyphae to enter the sporulation phase. Sporula- 
tion may be triggered by unfavorable environmental conditions. Trinci 
and Righelato demonstrated that the dry weights of glucose-starved 
Penicillium chrysogenum decreased exponentially with time of incubation. 
Macromolecular analysis of the mycelium over the entire starvation 
period indicated that there was a 75% decrease in protein, RNA, and 
DNA content while only a 25% decrease in carbohydrate occurred.^
Fungal growth, besides occurring in the filamentous form, is 
also found in another state which is referred to as the pellet form.
This form, seen in shake flask cultures, results from coalescence of 
fungal spores or germinating fungal spores which form compact masses 
of mycelium. Growth in this form is described by cube root kinetics. 
Pirt has proposed a model for mathematical treatment of this form of 
growth. He suggests that once a pellet reaches a certain size, then
unrestricted or exponential grcwth cannot occur because nutrients 
cannot diffuse fast enough into the pellet. The formation of a 
growth zone occurs at the periphery of the pellet which continues to 
grew exponentially while the inner portion of the pellet gradually 
decays and autolyzes. His theory would also suggest that very small 
pellets will grow at an exponential rate until nutrient limiting 
conditions are imposed. ̂5
Continuous Cultivation of Filamentous Fungi
The use of continuous cultivation techniques offers many 
advantages for studying the physiology and growth kinetics of nycelial 
systems.^ Obvious advantages include greater productivity as well as 
quantitative analysis of organisms at fixed growth rates under constant 
environmental conditions. Herbert et aL. have estimated that the 
productivity of biomass may increase as much as 10-fold under continuous 
cultivation conditions when compared to batch culture.23 The basic 
theories and mathematical analysis of continuous cultivation techniques 
have been reviewed by Monod,52 and Herbert et al.23
As versatile as this technique may seem, there have been very 
few studies conducted on the continuous cultivation of fungi. Pirt and 
Callow grew P. chrysogenum under glucose-limiting conditions to 
determine the effect of pH on morphology. Changes of morphology from 
a filamentous to a pellet-type as well as changes in culture viscosity 
occurred when the pH was increased over a range of 6 .0-7.4.66 in a 
follow-up study, Pirt and Callcw investigated various growth parameters 
of glucose-limited P. chrysogenum as well as penicillin accumulation.
It was found that changes in temperature and pH affected the maximum
specific growth rate of the fungus. It was also demonstrated that 
fragmentation of the fungus must occur in order to maintain constant 
bianass levels since the number of mycelial fragments in the fermentor 
were constant. Yglucose values were independent of pH and temperatures 
over ranges of 6 .0-7.5 and 23-32C. Penicillin production was constant 
for nearly 1000 hours at a steady state with maximum values reaching 
14 units/hour/ml. These data suggested that continuous culture may have 
an important role in production of secondary metabolites.® ̂
Maintenance energy requirements of fungi have been studied with 
reference to secondary metabolite production as well as other aspects 
of fungal physiology. Studies of this parameter and its mathematical 
treatment have been reviewed by Pirt.64 The effects of specific 
growth on the specific rate of penicillin production (Qpen) was studied 
by Pirt and RLghelato. Qpen was independent of specific growth rates 
over ranges of 0.01-0.05 h~l. Attempts to stop growth by provision of 
a maintenance ration of glucose resulted in a loss of Qpen even though 
no loss in dry weight occurred. Critical growth rates between 0.09- 
0.14 h-  ̂and increasing glucose concentrations by 2.0-2.5-fold over 
the maintenance ration stabilized Qpen. While no real function of 
maintenance energy was shown in relation to penicillin production, the 
maintenance ration was essential to stabilize Q p e n . 68
Righelato et al. also determined the effects of maintenance 
energy and growth rate on respiration, macromolecular composition, and 
conidiation of P. chrysogenum. Growth of glucose-limited fungi was 
terminated by introduction of maintenance rations of glucose. Oxygen 
uptake values decreased dramatically during this non-growing state. 
Evidence of physiological differentiation was shewn by the appearance
5
of conidia as well as noticeable changes in macronolecular turnover 
of ENA. and DNA. It was concluded that the maintenance ration played 
a significant role in prevention of autolysis and in the sporulation 
p r o c e s s . ^  Conditions besides growth rate can cause dramatic effects 
on sporulation of fungi. Larmour and Mar chant demonstrated that by 
increasing the pH of the medium from 3.5 to 6.5, there resulted a marked 
increase in conidiation of glucose-limited Fusarium c u l m o r u m . 3 5  ihese 
authors also provided evidence in another study that carbon dioxide 
fixation may play an important role in conidiation of F. c u l m o r u m . 3 6
Alteration of specific growth rates of carbon-limited cultures 
results in marked changes in enzyme activities. Carter and Bull found 
that increasing specific growth rates caused changes in metabolic 
routes of glucose catabolism. This was confirmed by the finding that 
certain key enzymes of the hexose rronophosphate pathway (HMP) 
preferentially increased in activity with increasing growth rates 
while Errbden-Meyerhof pathway (EMP) enzyme activities increased 
slightly. Low oxygen tensions also caused dramatic increases in HMP 
enzyme activity. Analysis of steady state HMP enzyme activity upon 
increasing the specific growth rate indicated that 5-6 doublings were 
required to achieve a new steady state. These data suggest that HMP 
enzymes are inducible and probably regulated by catabolite repression.^ 
Ng et al. studied the effects of specific growth rate on enzyme 
activities of the tricarboxylic acid (TCA), glyoxylate, Enbden 
Meyerhof (EM), and pentose phosphate pathways in glucose-limited or 
citrate-limited cultures. In glucose-limited cultures, enzyme 
activities of the TCA, EM, and pentose phosphate pathways increased 
with increasing growth rates suggesting derepression of these enzymes.
Glyoxylate cycle enzyme activities tended to decrease with increasing 
growth rates. In citrate-limited cultures, TCA and pentose phosphate 
pathway activities increased with increasing growth rates while EM 
enzyme activities showed no changes over the entire dilution rate 
range tested. These data suggested that the energy-yielding capacity 
of glycolysis can be fulfilled by the energy generating power of the 
TCA cycle while there is an absolute requirorient for reducing power 
from the pentose phosphate pathway. 54
The effects of growth-limiting substrates on the respiration 
rate of P. chrysogenum were investigated by Mason and Righelato.
There was little difference noted in specific rates of oxygen utiliza­
tion when comparing sucrose-limited or phosphate-limited cultures.
When influent sucrose concentrations were increased in phosphate-limited 
or nitrate-limited cultures, there was little change in the specific 
rate of oxygen utilized which suggested that the respiration rate was 
independent of sucrose supply. Similar results were shown in nitrate- 
limited, magnesium-limited, and ammonium-limited cultures with only 
sulfur-limited cultures showing significant differences in respiration 
rate. Oxygen-limited cultures showed substantially lower respiration 
rates and slightly lower rates of sucrose utilization. While the 
respiration rate was independent of the substrate limiting growth and 
the amount of sucrose supplied, changes in the rate of supply did 
change the respiration rate. It was concluded that respiration rate 
was controlled by the demand for energy for biosynthesis. 4 7
Oxygen tension was altered to determine the effects on 
morphology and growth kinetics of glucose-limited A. nidulans by 
Carter and Bull. Steady state cultures, grown at varying oxygen
tensions, produced filamentous growth at all oxygen tensions tested. 
Oxygen tensions ranging from 10-156 mm Mercury had little effect on 
the specific rate of oxygen utilization. However, disturbing the 
steady-state culture by lowering the oxygen tension resulted in a 
transient decrease in oxygen uptake followed by the establishment of 
a new steady state with the same oxygen uptake rate found at the higher 
oxygen tension. Similar adaptive responses were shewn in glucose 
oxidation studies. It was further shown that lowered oxygen tensions 
in steady state cultures resulted in an increase of the overall 
oxidative capacity of the culture.^
Carter et al. demonstrated that a nonlinear relationship 
existed between specific rates of utilization of glucose or oxygen and 
specific growth rate at high growth rates of glucose-limited A. 
nidulans. These data suggested that there were qualitative changes in 
metabolic activity occurring at high growth rates. Since the 
oxidative capactiy was highest at the highest growth rates, it was 
suggested that increased substrate utilization at high growth rates 
was due to increased enzyme synthesis.3
Production of Single Cell Protein (SCP) from Fungi
Fungi, as a source of SCP, offers many advantages over other 
microbial sources. Fungi have rapid growth rates which are well 
within the range necessary for development of a commercial fermentation 
process.^ In addition, many fungi are thermotolerant and able to grew 
at temperatures up to 45C. Growth at high temperatures is advantageous 
because it minimizes the cost necessary to maintain the temperatures 
of fermentation. 33 Fungal proteins contain favorable amino acid
profiles when compared to reference FAO proteins, being deficient only 
in sulfur-containing amino a c i d s . >15,21,28,53 Finally, the recovery 
costs in obtaining the biomass as product are considerably lower since 
filtration provides an easy means of product recovery.
Production of fungal biomass for SCP requires large quantities 
of raw material. These waste materials, usually carbohydrates, are 
categorized as non-cellulosic or cellulosic in nature. Non-cellulosic 
carbohydrates would include such materials as carob extract, 
molasses,̂  citrus wastes, sulfite liquor, coffee processing wastes,75 
and starchy wastes from potato processing plants. Non-cellulosic 
carbohydrates are found in complex mixtures and in smaller quantities 
than cellulosics. Imrie and Vlitos reported on the development of an 
industrial process for production of fungal SCP from carob extract using 
Aspergillus niger. Feeding studies, carried out on broilers with 
fungal protein making up 20% of the total diet, indicated that no 
adverse effects were noted in weight gain or mortality rates on the
0 Qtest animals. Similar results were noted with rats.
Carob extract was also used as substrate for production of 
fungal protein using Fusarium moniliforme by QrouLiscos et al.
Semi-continuous cultivation of F. moniliforme indicated that this 
organism doubled its mass in 5.6 hours with over 90% utilization of 
carbohydrate. Using the biomass as a protein source in feeding studies 
with weanling rats, it was found that there was no growth depression 
or abnormalities noted upon observation of internal organs. The 
authors concluded that the use of this fungus as a source of protein 
was safe and provided a means for upgrading agricultural wastes.-^
9
Continuous cultivation of F. moniliforme for production of SCP 
from carob extract was studied by Macris and Kokke. Macrcmolecular 
analysis of the biomass was determined over dilution rates ranging from 
0.09-0.23 h \  Nucleic acid and carbohydrate content increased with 
increasing growth rate while both crude protein and true protein remained 
relatively constant at 43% and 33%, respectively. It was concluded that 
the fermentation process should be operated at a specific growth rate 
of 0.205 h“  ̂to maximize protein productivity.^®
Gregory et al. and Reade and Gregory have reported on the 
development of a process to produce fungal protein from cassava starch 
using a thermotolerant, amylolytic strain of Aspergillus fumigatus. A 
non-sporulating mutant was used in these studies to minimize the 
possibility of fungal infection. Analysis of the dried biomass product 
indicated that the protein content was 44%. It was also shown that the 
biomass contained suboptimal amounts of sulfur-containing amino acids. 
Bicmass from these studies were used as a source of protein in feeding 
trials using rats as test animals. It was shown that the Protein 
Efficiency Ratio (grams gain in weight/grams protein consumed) and Net 
Protein Utilization values were slightly lower in rations containing 
methionine-supplemented biomass when compared to normal diets containing 
casein. Rigorous examination of internal organs and hematological 
studies performed on rats fed three different doses of SCP over a 90 day 
period showed no abnormalities attributable to diet. The fermentation 
process has been scaled up to 120 liters with plans for further scale-up 
to 3000 liters. The biomass produced from this operation will be used 
in pig-feeding experiments.21,69
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Other studies have been conducted to upgrade the biological
value of cereal grains by growth of fungi on the resident starches.
Reade and Smith attempted to upgrade the biological value of milled
barley in this manner. Upon screening a number of fungal isolates, it
was concluded that Aspergillus oryzae produced the highest amount of
protein from this substrate. Analysis of protein production using
substrate levels ranging frcm 10-30 g/1 indicated that it was
proportional to substrate concentrations with protein levels ranging
from 2.2-5 g/1. Non-sterile fermentation of barley-grown A. oryzae
showed adequate production of protein with excellent control of bacterial 
70contaminants.
Similar investigations were conducted using soybeans fermented 
by Aspergilli as feed source for broilers. Comparison of control and 
fermented soybeans in glucose-soybean diets indicated that higher weight 
gains and feed efficiency occurred with the diet containing fermented 
soybeans. No toxicological effects were noted with any of the eleven 
species tested. It was concluded that the growth promoting effects 
of fermented soybeans was due to a greater supply of essential amino 
acids, presumably from the growth of the fungus. Similar data were 
reported using feed fermented by Aspergilli to promote growth of
IJapanese Quail.
Production of Single Cell Protein from Cellulose by Filamentous Fungi 
Cellulose is the most abundant of all renewable compounds 
produced in the world today. Due to the tremendous volume of cellulosic 
substances that are utilized and subsequently generated as waste, 
acute problems have arisen over disposal of these materials. It has
11
been estimated that over 500 million tons of cellulosic wastes are
n/*
produced in the United States each year. This tremendous amount of 
waste material may be further defined on an individual basis where 
each person produces 2-3 pounds of cellulosic biodegradables per day.
During the past decade, there has been increasing interest in 
the biooonversion of cellulose into valuable by-products. Microbial 
fermentation provides a means of disposal as well as generation of 
by-products such as fuel, chemicals, and food.
The use of cellulose-grown fungi as animal feed has been reported 
as early as 1920. In this study, Pringsheim and Lichtenstein reported
0 7that cattle were fed A. fumigatus grown on straw. ' Updegraff showed
that 62% of milled newsprint provided as substrate was utilized after 
97144 hours. Pulping wastes were used as substrate for growth of
Thermomonospora fusca by Crawford et al. It was found that 65% of the
13available cellulose was utilized in 96 hours. Moo-Young et al. tested
Solka-floc and alkali-treated sawdust as substrates for Chaetomium
cellulolyticum and found that 60% of the available cellulose was
degraded in 36 hours. Analysis of the biomass product indicated that
it was composed of 40% crude protein. Comparison of Trichoderma
viride to C. cellulolyticum indicated that the former organism utilized
60% of the available cellulose but produced 44% less crude protein.
Studies by Humphrey et al. have shewn that Thermoactinomyces sp. can
grow at elevated temperatures (55C) and rapidly degrade 70-90%
26cellulose in 24 hours. Rogers et al. demonstrated that the biomass 
produced from growth of A. fumigatus on alkali-treated Solka-floc 
contained 13.3% protein after 96 hours.^ Wood pulps from hard wood and 
soft wood trees were evaluated as substrate for growth of A. fumigatus
12
to produce SCP by Baker et al. These studies showed that biomass 
containing 14.5-30% crude protein was produced in 96 hours from hard 
wood pulps containing varying amounts of lignin or from soft wood pulps 
containing low amounts of lignin.^
Non-wood cellulosic wastes have also been evaluated as sub­
strates for SCP production from fungi. Barley straw was used as 
substrate for growth of T. viride in studies by Peitersen. In this 
investigation, it was demonstrated that 56-71% of the available straw 
was utilized in 48-144 hours.Chahal et al. conducted studies on the 
growth of C. cellulolyticum on wheat straw. Rapid degradation of 
straw occurred in 36 hours with the resulting biomass containing 41% 
crude protein.
Singh et al. evaluated the growth capabilities of cellulolytic 
fungi using spent grain waste as substrate. Studies indicated that a 
strain of Myrothecium verrucaria showed the most active growth and 
produced a biomass product containing 24.7% protein after 8 days. The 
bicmass of Aspergillus terreus contained 23.8% protein after similar
O Operiods of growth. Screening studies were also conducted by Sitaram
et al. to evaluate fungal isolates growing on alkali-treated sugar
cane bagasse, rice straw, and ground nut shells. These investigations
showed that a strain of P. chrysogenum showed the most active growth
on each substrate, especially rice straw. Evidence was shewn indicating
83that 85 mg protein/g substrate was produced in 72 hours. Geethadevi 
et al. showed that growth of two strains of A. terreus on alkali-treated 
rice straw produced a biomass product containing 32.2% and 22% crude 
protein, respectively.-^
Virtually all of the above studies were performed in batch 
culture and only a few studies are available on the continuous
13
cultivation of filamentous fungi using cellulose as carbon source. 
Peitersen reported that 50-75% of the available cellulose was utilized 
over dilution rates ranging from 0.03-0.08 h”\  The true protein con- 
tent of the dried biomass product ranged from 16-34%. It is evident 
from all of these studies that cellulose of cellulosic wastes can 
be degraded rapidly resulting in the formation of highly proteinaceous 
products with potentiality for use as animal feed.
Production of Glucose from Cellulose by Fungal Cellulases
There have been extensive studies carried out on cellulase 
complexes of cellulose-decomposing fungi. Of the many cellulase 
complexes currently under investigation, the best understood is the 
cellulase complex of T. viride.^
Cellulases are adaptive enzymes and are usually induced by 
soluble products of cellulose hydrolysis such as cellobiose.4 ̂
However, other inducers have been found such as lactose, cellobiose
d f ioctaacetate, salicin, and especially sophorose, a B-l-2 glucoside.
Ihe role of cellobiose as an inducer is somewhat complicated since 
cellobiose has been shewn by several investigators to be a potent 
inhibitor of cellulase activity and causes a decrease in cellulose 
hydrolysis. Nisizawa et al_. have shown that cellulase biosynthesis
CCin T. viride is regulated by catabolite repression. These data 
suggest that synthesis and expression of cellulase activity is under 
stringent physiological control.
There is general agreement that the cellulase complex is 
composed of three different enzymes: (a) enzyme, (b) enzyme,
(c) B-glucosidase. The original hypothesis describing the role of 
each enzyme(s) in cellulose degradation was proposed by Reese et al.
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In this scheme, the C-̂ enzyme, an enzyme required for crystalline cellulose 
breakdown, acts first on the cellulose crystallite and causes disrup­
tion of hydrogen bonds resulting in ''swollen" cellulose. Swollen 
cellulose was subsequently attacked by Ĉ. enzymes which were identified 
as endo-glucanases and produced glucose and cellobiose. Cellobiose 
was hydrolyzed to glucose by B-glucosidase.^
A more precise role of each enzyme in the complex was determined 
as more evidence accumulated. These roles were summarized in a review 
by King and Vessal. Ihe enzyme was still poorly understood and 
thus its action remained unspecified. The Ĉ. enzymes were defined 
as B-l-4-glucanases. This enzyme fraction consisted of two types:
(a) Exo-B-1-4-glucanase-which removes single glucose units from the non­
reducing end of the cellulose chain, (b) Endo-B-l-4-glucanase-which 
randomly hydrolyze internal glycosidic linkages of the cellulose polymer, 
(c) B-glucosidase-which varies in specificity since those that acted 
on Aryl-B-glucoside are not involved in cellulose hydrolysis. It is 
the enzymes that act on cellobiose, cellobiase or B-glucodimerase, that 
are involved in cellulose hydrolysis. B-glucosidases and exo-B-1-4- 
glucanases have common substrates from cellobiose to cellohexaose.̂ 4 
Ihere is ample evidence that enzymes of the cellulase complex 
are found in multiple forms. It is known that T. reesei (formerly T. 
viride) contains four Gj_ enzymes, four Cx enzymes, and one B-gluco-
nnsidase. ' Results by Wood and McCrae have indicated that 
Trichoderma koningii has two C-j_ enzymes, six Ĉ. enzymes, and two B-
gludosidases. Other cellulase complexes having multiple forms
17 107have been found in Sporotrichum pulverulentum and Fusarium solani.
15
Inproved techniques of purification of proteins resulted in 
the isolation of purified C-̂ enzymes. It was found that C-j_ enzymes 
are exo-glucanases, and, in many cases, cellabiohydrolases. C-̂ and
cellobiohydrolase activity were found in identical fractions after 
chromatographic separation. The most unique property of the C-̂ enzyme 
is its ability to act synergistically with the random cleavage of 
cellulose by enzymes to degrade crystalline cellulose. This property 
distinguishes it from the exo-B-l-4-glucanase (glucohydrolase) of 
T. viride.102
Wbod and McRae proposed another model for cellulose hydrolysis 
basing their model on the obligate synergism of C± and Cx enzymes. In 
this model, crystalline cellulose was converted to reactive cellulose 
by the enzymes. The new chains generated by enzyme activity are 
hydrolyzed by Cj_ enzymes to cellobiose and subsequently broken down to 
glucose by B-glucosidase. ~^2
Reese proposed a third scheme for cellulose hydrolysis which was
a slight modification of his first. In this scheme, the C-j_ enzyme
maintains its property of causing swelling of crystalline cellulose.
Hcwever, it is new suggested that swelling is preceded by breakage of
covalent linkages on the surface of the crystallite. The modified
cellulose is further attacked by endoglucanases, cellobiohydrolase,
and glucohydrolase to produce oligomers, cellobiose, and glucose. Reese
further restricts the activity of the C-̂ enzyme to crystalline cellulose
surfaces. It is evident by this hypothesis that the enzyme and
71cellobiohydrolase are different proteins.
Current evidence suggests that the enzyme and cellobiohydrolase 
are the same enzyme. Wood and McRae have separated the C-̂ enzyme of
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T. koningii into two isozymes by isoelectric focusing. Synergism of
either isozyme with Cx enzymes shewed identical enzymatic activities
toward crystalline cellulose.. Comparison of enzyme activity of whole
enzyme with activities of either Gj_ isozyme when in synergism with
Cx enzymes showed similar values for hydrolysis of crystalline cellu- 
1 COlose. These data would suggest that if C]_ and cellobiohydrolase are 
different proteins, then the amount of enzyme is beyond the resolu­
tion of current protein isolation techniques. Similar results have 
been reported in F. solani^  ̂and in T. viride.
There is also evidence that oxidative enzymes may be involved in 
cellulose degradation. This hypothesis, proposed by Eriksson, was 
supported by two findings: (a) Cellulose breakdown was inhibited by
50-60% in four different fungi upon incubation of concentrated 
cellulase preparations in a nitrogen atmosphere. (b) These preparations 
also contained oxidative enzymes in small amounts that were necessary 
for cellulose decomposition. Eriksson suggests that the role of this 
enzyme is to oxidize cellulose by inserting uronic acid moieties 
which would break hydrogen bonds between cellulose chains. This 
activity would result in production of swollen cellulose in a manner 
similar to what one finds with C-j_ enzyme activity.-*-7
Further studies have shown that cellulose degradation in the 
presence of lignin may occur by production of uronic acids. This 
theory was supported by the finding of an enzyme, cellobiose-quinone 
oxidoreductase, in culture filtrates of S. pulverulentum. It was 
found that synthesis of this enzyme occurs simultaneously with the 
appearance of cellulolytic enzymes. Cellobiose is oxidized to 
celldbiono-if-lactone with concomitant reduction of quinones. The quinones
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are presumably generated from laccase attack on lignin. A lactonase 
was also found in culture filtrates which catalyze the conversion of 
cellobiono-tf-lactone to cellobionic acid. Analysis of cellulose 
degradation products after growth of S_. pulverulentum on spruce wood 
showed that cellobionic acid was the principal acidic degradation pro­
duct while cellcfoiose was the principal neutral degradation product. 
However, cellulases or cellobiose-quinone oxidoreductase were not 
required for lignin degradation. Thus, it is evident that enzyme 
activities in cellulose degradations are clearly different when 
purified cellulose or lignocelluloses are used as substrates.
Reconstitution experiments, in which highly purified and 
Cjj isozymes are tested for the ability to degrade crystalline 
cellulose, have provided roles for each isozyme. Wood and McRae have 
shown that synergism between Ci and C ^ a and between C-j_ and 
resulted in significant cellulose degradation while there was no 
significant activity between Cp and C^, C^/ or Cx3b'^^^
There is considerable evidence that menbers of the genus, 
Aspergillus, possess high cellulolytic activity. Simpson and Marsh 
found that strains of eight species of Aspergillus actively degraded 
cellulose. It was interesting to note that all strains of A. terreus,
A. fumigatus, and A. flavipes were able to utilize cellulose as sole 
carbon source.^
Many studies have been conducted to characterize the cellulase 
complexes of Aspergilli. Hurst et al. showed that a commercial cellulase 
preparation from A. niger contained three proteins having oellulolytic 
activity after gel electrophoresis. Analysis of one of these cellulases 
indicated that it was an endoglucanase. ̂  Investigations by Pal
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and Ghosh have shewn that the cellulase complex of A. terreus contain 
C-̂ and e n z y m e s . Similar studies by Sedha et aL. and Khokhlova and 
Ismailova have confirmed these results in A. terreus.32,79 Evidence 
presented by Ismailova et al. indicates that the Cx enzymes of A. terreus 
may be cell wall-bound but only weakly so.29 Other investigations on 
cellulase complexes of Aspergilli have been conducted with A. fumigatus, 
A. c l a v a t u s A. sydowi,29 and A. tamarii.22 All of these studies 
indicate that the activity profiles of these complexes are similar to 
proposed mechanisms for T. viride cellulase complexes.
Saccharification of Cellulose by Fungal Gellulases
There has been intense interest in recent years to produce 
glucose by enzymatic hydrolysis of cellulose. Production of glucose 
from polysaccharides is not a new concept since it is currently being
Ojtproduced from starch at over a billion pounds/year. The resulting 
glucose could be used as substrate for fodder yeast production or 
as a fermentation substrate for alcohol and other chemical feed stocks.
Early studies on saccharification of cellulose showed only small 
amounts of glucose generated. As improved techniques were developed, 
there were significant increases in glucose production. Katz and 
Reese reported that 30% glucose syrups were produced although requiring 
15 days of incubation. These values, compatible with those found with 
starch hydrolysis, demonstrated that there was great potentiality in 
glucose production from cellulose.2-*-
Efforts to improve the process centered around two areas:
(a) strain improvement of cellulose-utilizing organisms, (b) development 
of physical pretreatments of cellulose substrates to enhance its 
susceptibility for enzymatic hydrolysis. Research conducted by the
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Natick laboratories developed mutant strains of T. viride, an organism 
chosen after screening thousands of fungal isolates due to its high 
C-j_ enzyme activity, which were able to produce cellulase activities 
that ware four-fold higher than the parent strain. This mutant,
GM 9414, can produce 1.6 Filter Paper Units/ml after growth on 
cellulose for 4-5 days. Such culture filtrates are able to produce 
a 5% glucose syrup from a 10% cellulose suspension in 24 hours.
However, while marked increases in cellulase activity occurred in 
this mutant, there were also significant decreases in cellobiase 
activity. Thus, in saccharification studies, cellobiose concentrations 
made up almost 50% of the sugars in a given syrup. Generation of 
large quantities of cellobiose dramatically slowed down saccharification 
rates. Studies by Sternberg showed that B-glucosidase was inactivated 
when acid conditions generated by growth of T. viride on cellulose
occurred. Control of pH during cellulose fermentations resulted in
07increased activities of B-glucosidase. At low cellulose concentrations,
glucose production occurred primarily from B-glucosidase activity. At
high cellulose concentrations, glucose was produced from en2ymes other
than B-glucosidase, presumably from exo-B-l-4-glucanase activity.
Sternberg et aU also conclusively demonstrated that addition of
culture filtrates containing high levels of B-glucosidase resulted not
only in increased production of glucose but also in rate of saccharifi- 
89cation.
Improvements were also made in medium composition used for 
cellulase production. Sternberg and Dorval showed that T. viride could 
be grown at cellulose concentrations up to 8% without alteration of 
salt concentrations by using ammonium hydroxide to control pH as well 
as act as nitrogen source.̂
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A variety of physical and chemical treatments have been used 
to enhance the biodegradability of cellulose. In a review by Millet 
et al., the following chemical pretneatments were listed; (a) sodium 
hydroxide, (b) ammonia, and (c) steaming.^ Pretreatment of cellulose 
by sodium hydroxide has long been kncwn to increase its susceptibility 
to biodegradation. Alkaline pretreatments have also been used to 
upgrade the nutritive value of forage residues whai used as feeds for 
ruminants. 100 Studies have shewn that ruminant digestibility of 
cellulose increased over 40% after alkaline pretreatment. Sodium 
hydroxide pretreatment offers other advantages in that significant 
amounts of lignin are removed from complex cellulosic materials.
Lignin has been shown to be a major obstacle in achieving rapid 
saccharification rates when using lignocellulosic substrates.
High pressure steam pretreatment of wood and straw has shewn 
promise in upgrading digestibility for use as feed. Ammonia pre­
treatment has also been shewn by seme investigators to upgrade the 
digestibility of lignocelluloses.
Physical pretreatments of cellulose have also been extensively 
studied to increase rates of enzyme hydrolysis. The physical pre­
treatments that have been successfully used are; (a) irradiation,
(b) milling, (c) temperature, and (d) pressure. Of these methods, 
milling has shewn the greatest success as a pretreatment step for 
enzymatic hydrolysis of cellulose. This is due to the production of 
small particles which greatly increase the surface area of a given 
amount of cellulose and thus results in efficient hydrolysis of 
cellulose. Mandels et al. tested the effects of various milling 
and chanical pretreatment steps on the susceptibility of cellulose to
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enzymatic hydrolysis by T. viride cellulases. Reaction rates were
found to depend upon the degree of crystallinity, particle size, and
presence of impurities. Ball milling was the most effective pretreat-
ment step since it gave adequate particle size reduction, maximum bulk
density, and maximum susceptibility to enzymatic hydrolysis. Results
showed that 30-70% saccharification occurred in 48 hours using as
initial cellulose concentration of 50 g/1.^ Recent studies by these
investigators have shown that steam and compression milling also
increases cellulose susceptibility to enzymatic hydrolysis. Similar
investigations have been conducted by Toyama and Ogawa using alkali-
91treated rice straw and bagasse.
Economic evaluations have been conducted on the feasibility of 
continuous production of glucose by enzymatic hydrolysis of cellu­
lose.^'^ In a pilot plant study conducted by Nystrom et al., it was 
shown that optimal production of sugars from ball milled newsprint 
occurred at a 48 hour residence time using enzyme concentrations at
1.2 units/ml with a 15% substrate loading. Under these conditions, over
5629% of the substrate was converted to glucose. Studies by Mitra and 
Wilke,Ghose and Sahai,^ and Ryu et al. have centered on
optimization of cellulase production by continuous cultivation 
techniques.
While intensive studies have been conducted to maximize glucose 
production from T. viride cellulases, other fungal cellulases are being 
developed which may have potentiality for commercial production of 
glucose. Garcia Martinez et aL_. have shown that alkali-treatment of 
bagasse dramatically increased the susceptibility of cellulose to 
enzyme hydrolysis with Penicillium variabile cellulases. Results
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showed that 70% saccharification occurred in 5 days producing a 
glucose syrup containing 14 g/1.1  ̂ Investigations by Shewale and 
Sadana have resulted in the development of a promising saccharification 
process using culture filtrates of Sdhlerotium rolfsii. Hiis process 
has an advantage over the T. viride system since the B-gluoosidase 
activity in culture filtrates of S_. rolfsii is significantly higher 
than that found in T. viride. In batch experiments using alkali-treated 
rice straw or bagasse at 10% substrate levels, glucose syrups containing 
6-7% and 4-5% sugars, respectively, have been produced.80
It is thus apparent that considerable progress has been made 
toward the conmercialization of a process for saccharification of 
cellulose. Intensive efforts are new being made to increase cellulase 
yields as well as to minimize costs of substrate pretreatment. Advances 
in these areas may eventually lead to successful industrial processes.
MATERIALS AND METHODS
Organism
A fungal isolate identified as Aspergillus terreus (ATQC 30514} 
was used in all experiments. The organism was maintained on Potato 
Dextrose Agar (PDA) slants and transferred every month. Spore 
suspensions used for inoculation purposes were prepared from PDA plates 
containing well sporulated mycelium. To these plates were added 5 ml 
sterile water containing several drops of 1% Tween 80. Each plate was 
scraped with a sterile glass hockey stick and the suspensions 
decanted into sterile screw cap test tubes. Such suspensions were 
referred to as crude spore suspensions. Usually 1 ml of this suspen­
sion per liter of growth medium was added as inoculum for most growth 
studies. In experiments requiring a more purified spore suspension, 
the crude spore suspensions were filtered through sterile coarse 
sintered glass funnels to remove contaminating mycelial filaments and 
collected on millipore filters. The spores were washed three times 
with 5 ml of sterile water and placed into screw cap centrifuge tubes.
The spores were suspended in 5 ml of sterile water using a vortex 
mixer and decanted into sterile screw cap tubes. Crude spore suspensions 
as well as purified spore suspensions were stored at 4C until needed. 
Viable counts of purified spore suspensions v»ere determined by making 
10-fold dilutions in sterile distilled water and spreading 0.1 ml of 
suitably diluted spores on PDA plates containing 0.08% sodium 
deoxycholate. Plates oontaining between 30 and 300 colonies were 




The composition of the medium used to grow A. terreus is shown 
in Table 1. All chemicals that were used were of reagent grade 
quality. Phosphate stocks and ammonium sulfate stocks were usually 
made up in 100X concentrations and autoclaved. All stock solutions 
of trace metals were made up in glass distilled water at 500OX 
concentrations except for magnesium chloride solutions which were 
made up in 1000X concentrations. During the make-up of each trace 
metal solution, approximately 1 ml of concentrated hydrochloric acid 
was added to prevent precipitation upon sterilizing. Each nutrient 
was proportionately changed with alteration of the carbohydrate source. 
Glucose solutions were always sterilized separately and added after 
cooling of salts medium. All experiments were conducted at pH 4.
Cellulose Pretreatment
Solka-floc (Brown Paper Company) or sugar cane bagasse were 
the cellulose sources used in all cellulose-related experiments. Each 
cellulose source was pcwdered using a Wiley mill and alkali-treated 
before use. Alkali-treatment involved autoclaving the cellulose in 
the presence of IN sodium hydroxide for 15 minutes at 121C (50g 
cellulose/liter of IN sodium hydroxide). The swollen fibers were 
then washed with distilled water to remove the alkali and stored in 
distilled water as a slurry. In gradient feed experiments, the 
cellulose slurries were sterilized before addition to the fermentor.
Culture Conditions 
Batch Culture (Glucose)
The specific grcwth rates of glucose-grcwn A. terreus were 
measured by growing the organism in 0.5% glucose-salts medium. Sterile
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complete medium was aseptically dispensed in 10 ml aliquots into 
sterile 50 ml erlenmeyer flasks. Each flask was inoculated with 
1-5 X 10 conidia "and incubated at the desired temperature in a water 
bath shaker (New Brunswick Scientific Company). Duplicate flasks 
were removed from the shaker at various times after inoculation. Hie 
nycelium was collected on tared sintered glass funnels, washed, and 
dried to constant weight at 90C. Duplicate growth curves were plotted 
at each temperature tested. From these data, maximum specific growth 
rates were calculated.
Continuous Culture (Glucose)
Continuous cultivation of A. terreus was carried out in a 7 
liter stirred tank fermentor (New Brunswick Scientific Company) with 
a 4.5-5 liter working volume. The fermentor was equipped with foam, 
level, and temperature controls. The pH was controlled automatically 
at pH 4 (1 0.2 pH units) by the addition of sterile sodium hydroxide. 
Peristaltic pumps (Harvard Apparatus Co.) were used to pump sterile 
influent medium and alkali into the fermentor. The agitation rate 
varied with the concentration of the influent carbohydrate source 
(2-10 g/1) and ranged from 400-600 RPM. The aeration rate also varied 
with the influent carbohydrate concentration and ranged from 1.2-2.8 
v/v/min. Medium reservoirs consisted of glass carboys with a 36 liter 
working capacity. Sterile glucose was added separately to cooled salts 
medium. Polyglycol (P 2000) was used as the antifoam agent and was 
added aseptically to the medium reservoir at a concentration of 
0.5 ml/72 liters.
The starter culture was grown in 1 liter of 1% glucose-salts 
medium for 36-48 hours at 35C and filtered aseptically into a sterile
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sintered glass funnel. The mycelial pad was resuspended in 1 liter 
of sterile distilled water and added to the fermentor containing 4 
• liters of sterile distilled water. The dilution rate was adjusted to 
0.10 h”  ̂and allowed to run overnight. Ihe flow rate was then 
increased in a step-wise manner allowing 2-3 residence times at each 
new growth rate until the desired dilution rate was reached. Once a 
desired steady state was achieved, the culture was grown for 6-8 
residence times to allow equilibration before samples were withdrawn. 
Duplicate samples were collected for all analyses at each dilution 
rate.
The maintenance energy coefficient for glucose was calculated
frcm the mathematical treatments suggested by Pirt. Uiis is shown in
the following equation:
q = u/Y + m where q = specific rate of glucose
9 utilization (g glucose
utilized/g dry weight/hour) 
u = specific growth rate 
Yg = Dry weight Yield from 
glucose (g dry weight/ 
g glucose utilized) 
m = maintenance energy
Qglucose is calculated from the equation,
qglucose = S - i/x • D where S = influent glucose concen-
r _r tration (g/1)
s - steady state levels of 
residual glucose (g/1) 
x = fungal dry weights (g/1)
D = dilution rate
From these mathematical relations, specific rate of utilization




Batch culture experiments using cellulose as sole carbon source 
were performed using a modification of the gradient feed technique
OCreported by Srinivasan et al. A stirred tank fermentor was employed 
and gradients were calculated to provide nutrients for a final volume 
of 4.5 liters with 10 g/1 cellulose as final substrate concentration.
Ihe starter culture was grown for 36 hours in 1 liter of 0.5% 
Solka-floc-salts medium containing 0.05% yeast extract at 35C. Ihe 
culture was filtered into a sterile sintered glass funnel and the pad 
resuspended in 500 ml of sterile water. The culture suspension was 
added to the fermentor containing 0.05% Solka-floc-salts (based on 
4.5 liters) in 2.0 liters. Cellulose slurries were added to the 
fermentor in bulk quantities. Duplicate 50 ml samples were collected 
and assayed for protein and cellulose content after addition and 
equilibration of the inoculum. At the end of the fermentation period, 
duplicate 100 ml samples were collected for dry weight determination. 
Triplicate 50 ml samples were collected and assayed for cellulose and 
protein content. The final volume of the fermentor was also measured. 
From these data, specific growth rates calculated from protein analysis 
and total cellulose consumption were determined. The biomass was stored 
at 4C for use as a source of crude enzyme in saccharification studies.
When pretreated bagasse was used as substrate, the loading 
schedule was based on the fact that bagasse is composed of 35% cellulose. 
Thus, enough pretreated bagasse was added to give a final substrate 
concentration of 10 g/1.
Semi-continuous cultivation experiments were conducted in a 
similar manner as in batch culture. However, at the end of the
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fermentation period, 90% of the biomass was harvested with the 
remaining 10% serving as the inoculum for the next fermentation cycle.
Continuous Cultivation of Aspergillus terreus (Cellulose)
The continuous cultivation of A. terreus using Solka-floc as 
sole carbon source was carried out in a stirred tank fermentor with 
a 5 liter working volume. The influent cellulose concentration was 
1500 mg/1 and was discontinuous ly pumped at the maximum pump rate to 
avoid clogging of the feed lines into the fermentor. The carboy 
containing cellulose was continuously stirred to maintain a uniform 
cellulose suspension. The agitation rate in the fermentor was 400 
RPM and the aeration rate was 1.2 v/v/min. The temperature of ferment­
ation varied with the experiment.
The starter culture was grovn in 1 liter of 0.5% Solka-floc- 
salts medium containing 0.05% yeast extract for 36 hours at 35C. The 
culture was added to the fermentor containing 4 liters of 0.05% Solka- 
floc-salts medium. The flow rate was initially adjusted to a 15 hour 
residence tine and allowed to run until maximum cellulose consumption 
had been achieved. The flow rate was gradually increased in a step­
wise manner to the desired dilution rate and the culture allowed to 
equilibrate for 6-8 residence tines before samples were taken.
Assays
True Protein
Duplicate 50 ml samples v̂ ere withdrawn from the fermentor, 
collected on sintered glass funnels, and washed three times with 
distilled water at each dilution rate tested. Prior to removal of these 
samples, approximately 75 ml of the culture was voided in order to
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acquire representative samples from the fermentor. The mycelial pads
were extracted in 5 ml IN sodium hydroxide three times in a boiling water
bath. This was followed by a fourth extraction with 5 ml distilled
water. Ihe extracts were measured individually or pooled for protein
39content by the method of Lowry et al. Bovine serum albumin (Sigma 
Chemical Co.) was used as the protein standard.
Nucleic Acids
Duplicate 50 ml samples were collected in the same manner as 
in the protein assay. The samples were initially treated with 5 ml 
chilled 0.2N perchloric acid and incubated in ice for 30 minutes.
After sedimentation at 15000 X g for 10 minutes and removal of the 
supernatant fluid, the samples were treated with 5 ml or 0.5N per­
chloric acid for 1 hour at 70C. Tie samples were then sedimented 
at 15000 X g for 10 minutes and the supernatant fluid saved for 
nucleic acid analysis. RNA content was measured by the orcinol 
method^ while DNA content was measured by the method of Burt on. ̂
Calf thymus DNA (Sigma Chemical Co.) and Torula yeast RNA (Sigma 
Chemical Co.) were the standards used for nucleic acid analysis.
Total Carbohydrate
An unmeasured sample was collected from the fermentor and 
placed immediately in ice. Triplicate aliquots containing 0.2 ml were 
pipetted into tubes containing 4.8 ml distilled water and chilled 
in ice. Total carbohydrate was measured by the an throne method of 
Scott and Melvin. Glucose was used as the standard.
Glucose
Glucose was measured by the phenol-sulfuric acid method
16described by Dubois et al.
Cellulose
Cellulose was measured by the method of Updegraff. Solka-floc 
was used as the cellulose standard.96
Artmonium Sulfate
QQAnmonium sulfate was measured by the method of Weatherbum. 
Phosphate
Phosphate was measured by a modification of the method of Fiske 
and Subburow.^ Monobasic potassium phosphate was used as the standard.
Crude Protein
Crude protein was measured by the Kjeldahl method for total 
nitrogen determination as described by Hiller et al. In experiments 
where bagasse was used as substrate, samples were extracted as described 
in true protein analysis. Ihe extracts were pooled, analyzed for 
total nitrogen and converted to crude protein values (mg/1 nitrogen X 
6.25). In other experiments, crude protein was calculated indirectly 
by determining the ratio of true protein/crude protein in continuous 
cultivation experiments using glucose as carbon source. Crude protein 
was calculated from anmonium sulfate consumption values. This value, 
0.65, was constant over the entire dilution rate range tested. Ihus, 
crude protein could be calculated from true protein values by 
multiplying by 1.54.
Dry Weight
Samples for determination of dry weight were collected in 
duplicate from the fermentor at each dilution rate tested. The 
samples were filtered using coarse sintered glass funnels. The 
supernatant fluid was saved and frozen for further analysis of residual 
glucose, ammonium sulfate, and phosphate. The mycelial pad was 
washed three times with distilled water, placed in taxed aluminum 
weighing pans, and dried to constant weight at 90C.
Cellulase Analysis
Gbllulase activity was measured by production of soluble sugars 
from alkali-treated Solka-floc. Ihe substrate buffer contained 9 mg/ml 
alkali-treated Solka-floc in 0.02M acetate buffer (pH 4). Chilled sub­
strate buffer was added to 50 ml erlenmeyer flasks in 5 ml aliquots and 
followed by the addition of 5 ml of chilled culture medium. The flasks 
were incubated in a water bath shaker set at 50C. Flasks were removed 
at 30 minute intervals for 2 hours. The contents of each flask was 
rapidly filtered through medium sintered glass funnels. The super­
natant fluid was measured for reducing sugars by the ENS method. 49 
Control values were measured on culture filtrates and subtracted fron 
test values to give net glucose. Graphs of reducing sugar concentrations 
versus time were plotted and rates of glucose production determined.
One unit of enzyme was defined as that amount of enzyme producing 
1 umole/ml of glucose in 1 minute at 50C and pH 4.
Determination of pH and Temperature Optima of_ Crude Gellulases
Investigations, involved in the determination of optimal pH and 
temperature of crude cellulases, were accomplished in a stirred tank
fermentor with a final volume of 2 liters. Eighteen grams of alkali- 
treated Solka-floc were added to 2 liters of chilled crude enzyme 
adjusted to pH 4 with suitable additions of 1M acetate buffer (pH 4) 
to give a final concentration of 0.01M. Ihe. chilled suspension was 
then placed in the fermentor water bath. The temperature of 
saccharification varied with the experiment. The suspension was 
agitated at 400 PPM and was not aerated. Ten ml aliquots were with­
drawn from the fermentor after 2 hours, 6 hours, 18 hours, and 24 
hours and filtered on medium sintered glass funnels. The supernatant 
fluid was analyzed for reducing sugar. Saccharification values were 
calculated using the following equation:
amount of reducing sugars 162
% saccharification  ---------------------- X ---X 100
amount of substrate 180
Similar results were acquired when the effects of pH on crude
cellulase activity were tested. The pH was varied in one pH unit
increments ranging from pH 3-6.
Effect of Trace Metals on Enzyme Activity of Crude Cellulases
In these studies, substrate buffer was composed of 9 mg/ml
alkali-treated Solka-floc in 0.025M acetate buffer (pH 4). The reaction
mixtures were composed of 5 ml crude enzyme, 4 ml substrate buffer, and
1 ml of the desired concentration of trace metal in 50 ml erlenireyer
-2 -5flasks. Trace metal concentrations ranged from 10 - 10 M for
cobalt, zinc, manganese, Iron, calcium, and magnesium. Concentrations 
of copper ranged from 10“  ̂- 10"7M. The substrate buffer and crude 
enzyme were chilled in ice prior to use and reaction mixtures were 
stored in ice until the start of experimentation. The flasks were 
placed in a water bath shaker set at 50C for 12 hours. Each flask was
then rapidly filtered on medium sintered glass funnels. The super­
natant fluid was analyzed for reducing sugar. Suitable controls, 
composed of crude enzyme, substrate buffer, and 1 ml glass distilled 
water, were also tested. Additional controls vere also run to determine 
the reducing sugar concentration in the crude enzyme supernatant 
fluid. From these data, net production of glucose and saccharification 
values were determined. Comparative studies were then made to determine 
whether stimulation or inhibition of crude cellulase activity had 
occurred by the addition of a given trace metal.
FESULTS
The effects of tenperature on the growth rate of glucose- 
grown A. terreus in batch culture are sumnarized in Figure 1. The 
optimal temperature for growth occurred at 35C with a minimum 
doubling tine of 2 hours (u^^ = 0.346 h“-̂) . Growth rates at 40C 
and 45C were also rapid with minimum doubling times of 2.2 and 2.9 
hours, respectively. At 45C, germination of A. terreus conidia as 
inoculum took considerably longer than at lcwer growth temperatures. 
However, once germinated, the mycelium grew in a similar fashion as 
noted at lower temperatures. Growth at these elevated temperatures 
indicates that this strain of A. terreus is thermotolerant.
Analysis of the growth curves of glucose-grown A. terreus 
showed that it had similar growth phases as those described by 
T r i n c i . 9 2  it was interesting to note that maximum grcwth rates 
occurred between the 10^ and 14^ hours at 35C. After this time 
period, growth decreased considerably to a doubling time of 3.5 hours 
and remained constant until stationary phase was reached. Thus, it 
was critical to sample at short time intervals to determine accurate 
values for umax.
Experiments, carried out to maximize biomass productivity and 
to achieve maximum specific growth rates similar to those measured 
in batch culture, were greatly facilitated by continuous cultivation 
of glucose-limited A. terreus. Optimization studies were conducted
AOusing a modification of the method suggested by Mateles and Bat tat.
In these experiments, it was found that growth rates at which wash-out
34
FIGURE 1. Effect of Temperature on the Specific Growth 
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occurred in glucose-limited cultures were considerably lower than those 
achieved in batch culture. It was presumed that nutrient limitation 
was the cause since such cultures would achieve new steady states at 
lower bicmass levels where glucose was not the limiting nutrient. To 
determine which nutrient was limiting, the glucose-limited culture was 
adjusted to a steady state value where wash-out would occur after which 
trace metals were individually added in lx amounts. Itesidual glucose 
concentrations ware measured before the addition of the nutrient. 
Residual glucose content was measured again after one residence time 
period. If residual glucose concentrations decreased, then the trace 
metal was apparently required, and was immediately added to the carboy 
at the desired concentration. If addition of the trace metal shewed 
inhibiting or no effect, then the trace metal was left unchanged. Traae 
metals having an inhibitory effect could be distinguished from trace 
metals having no effect by the rate of increase of residual glucose 
after the addition of the trace metal. Once steady state conditions 
were achieved at this new grewth rate (i. e. - glucose-limitation), the 
growth rate was further increased to a new steady state where 
conditions were again optimized until glucose-limitation was achieved.
By this technique, glucose-limitation was achieved at a specific growth 
rate of 0.31 h”  ̂or a 2.23 hour doubling. Attempts to achieve steady 
states in excess of this value resulted in rapid wash-out of the 
culture. It was also noted that steady state cultures became 
increasingly sensitive to fermentor disturbances as umax was approached.
The results of this study indicated that trace metals could be 
separated into three categories according to function: (a) inhibitory
trace metals, (b) stimulatory trace metals, and (c) trace metals
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exhibiting no effects on growth. Iron and magnesium shewed marked 
inhibitory effects on specific growth rates at concentrations tested. 
Cobalt, calcium, and copper showed no effects on specific growth rates 
at all dilution rates tested. Stimulatory trace metals included zinc 
and manganese. The effects of these trace metals on specific growth 
rates were striking even at the small amounts added. In one such study, 
a 6-fold decrease in residual glucose concentration was observed in 
one residence time after increasing the zinc concentration by 42 ng/ml. 
As a result of these studies, a highly optimized medium was developed 
for A. terreus and is shown in Table 1. This medium was used in all 
growth experiments.
Continuous cultivation of glucose-limited A. terreus was 
conducted at 35C over dilution rates ranging from 0.047-0.222 h“-'-.
These data are shewn in Figure 2. Dry weight values were constant at 
1 g/1 over a dilution rate range of 0.047-0.163 h- .̂ However, at 
a specific growth rate of 0.222 h- ,̂ the dry weight decreased by 10% 
to 0.9 g/1 although still under glucose-limitation. Dry weight 
yields from glucose utilization ranged from 0.45-0.50 over the examined 
dilution rates.
Analysis of residual glucose concentrations confirmed that 
steady state cultures were under glucose-limitation. These values 
ranged from 10-18 mg/1 indicating a consumption of 99.1-99.5% glucose. 
Ammonium sulfate and phosphorous consumption increased with increasing 
growth rates. At 0.222 h--*-, the bicmass contained 9.7% nitrogen and 
1.66% phosphorous.
The maintenance energy coefficient for glucose in glucose- 
limited cultures was determined from data shown in Figure 2. After
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TABLE 1 
COMPOSITION OF THE MEDIUM













FIGURE 2. Growth Characteristics of Aspergillus terreus 
in Glucose-limited Continuous Culture
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extrapolating to zero growth rate, a value of 15 mg/g dry wt./h was 
obtained. Plotting specific rates of glucose utilization (Qglucose) 
versus specific growth rates in excess of 0.163 h“̂  indicated a non­
linear relationship with respect to values plotted at lower growth 
rates. These results are shewn in Figure 3.
Macromolecular composition of glucose-limited A. terreus was 
measured over dilution rates ranging from 0.047-0.222 h \  These 
results are shown in Figure 4. Protein content in the biomass 
increased with increasing growth rates and ranged from 28.5-38.9%.
This represents a 36% increase in protein content. ENA content also 
increased with increasing growth rate with values ranging from 
6.1-10.1%. The total increase in ENA content was 66%.
DNA content showed different trends in response to increasing 
growth rates. DNA content decreased with increasing growth rates from 
0.40% to 0.27% over growth rate ranges from 0.047 h  ̂to 0.163 h- .̂ 
However, at 0.222 h~̂ , DNA content rose sharply to 0.42%.
Since results in Figure 2 showed that dry weight values of 
glucose-limited A. terreus were relatively constant while data shown 
in Figure 4 indicated that there were dramatic increases in ENA and 
protein content, it was apparent that certain macromolecules must 
decrease with increased grewth rates in order to maintain stable dry 
weight values. Analysis of total carbohydrate in biomass samples 
as growth rates were increased reflected this trend. Carbohydrate 
content ranged from 28% to 20% with an overall decrease of 29%. It 
is presumed that chitin content will follow the same trend as total 
carbohydrate since chitin and B-l-3-glucans account for up to 90% of 
the cell wall of species of Aspergilli.
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FIGURE 4. Macromolecular Gonposition of Aspergillus terreus 
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Experiments were conducted to determine the effects of 
increasing influent glucose concentrations on specific growth rates 
and Yglucose values in glucose-limited A. terreus. Ifesults obtained 
from these experiments are summarized in Table 2. There was little 
change noted in Yglucose values at influent glucose concentrations 
ranging from 2-10 g/1. These data could only be obtained by propor­
tionate increases of all nutrients in the medium. No adverse effects 
on growth rate were noted at all glucose concentrations tested in 
these experiments.
Specific growth rates measured for A. terreus when grown on 
purified or complex cellulosic substrate (sugar cane bagasse) are 
shewn in Table 3. Gomparison of Experiments 2 and 3 show that there 
is a significant difference in specific growth rates when the growth 
temperatures are changed from 35C to 45C. At 35C, a minimum doubling 
time of 7.5 hours was measured, while at 45C, the doubling time 
increased to 8.1 hours. Results from Experiments 2 and 4 indicate that 
A. terreus grew somewhat slower on pretreated bagasse than on purified 
cellulose at the same growth temperature.
Analysis of residual cellulose or protein content in the 
biomass indicated that this organism degraded large amounts of purified 
or complex celluloses over short incubation periods and produced a 
highly proteinaceous biomass product. These data are shown in Table 4. 
Gomparison of Experiments 1 and 2 indicate that the growth phase is 
complete in 30 hours since extension of the fermentation time by 
18 hours resulted in only a 6% increase in cellulose utilization. 
Results indicated that over 88% of the available cellulose was consumed 
in 30 hours at 35C. Growth at 45C resulted in a significant decrease
TABIE 2
EFFECT OF PROPORTIONATE INCREASE OF NUTRIENTS 








0.163 2.0 1.0 0 .50
0.266 6.0 3.1 0.52
0.210 10.0 5.4 0.54
*Yglucose- g BIOMASS/ g GLUCOSE CONSUMED
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TABLE 3
SPECIFIC GROWTH RATES OF CELLULOSE-GROWN 















1 10 35 48 0.057 12.20
2 10 35 30 0.093 7.45
3 10 45 30 0.086 8.10
4 10 35 36 0.084 8.25
Experiments 1, 2, and 3 were conducted using alkali-treated 
Solka-floc as the cellulose source. Alkali-treated bagasse was used 
as the cellulose source in Experiment 4. Bagasse contains 35% 
cellulose on a dry weight basis and the loading of bagasse into the 
fermentor was based on this value.
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TABLE 4
UTILIZATION OF CELLULOSE AND PROTEIN CONTENT 
OF THE DRIED PRODUCT OF CELLULOSE-GROWN 





















1 35 48 49.0 3.20 93.5 37.8
2 35 30 49.3 5.85 88.1 32.9
3 45 30 49.1 13.10 73.3 23.0
4 35 36 48.8 9.70 80.1 29.4
Experiments 1, 2, and 3 were conducted using alkali-treated
Solka-floc as the cellulose source. Experiment 4 was conducted with 
alkali-treated bagasse. Protein content of the dried product in 
Experiment 4 was measured by the Kjeldahl method of total nitrogen 
determination and converted to crude protein values.
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in protein production and cellulose utilization which are manifesta­
tions of slower growth rates. Data shown in Experiment 4 indicated 
that over 80% of the available cellulose was utilized in 36 hours 
suggesting that this organism has great potentiality for bioconversion 
of complex cellulosic wastes into valuable by-products. Analysis of 
the biomass of A. terreus showed that the crude protein content was 
29% and 33% when grcwn on complex or purified cellulosic substrates, 
respectively.
In order to make the SCP process more commercially attractive, 
it was necessary to demonstrate that cellulose-grown A. terreus could 
be grown in other growth modes besides batch culture. Table 5 shows 
the results of effects on specific gravth rates during semi-continuous 
cultivation of A. terreus through, two successive growth cycles. The 
data shown in Experiment 1 are measurements of specific growth rate 
in the batch culture mode. In Experiments 2 and 3, separate 500 ml 
volumes of culture medium were withdrawn at the termination of 
Experiments 1 and 2 which served as inocula for the next cycle 
(Experiments 2 and 3, respectively) . These experiments indicate that 
there is no loss in specific growth rate over two successive cycles 
since bicmass doubling times were constant ranging from 7.3-7.6 hours.
Table 6 summarizes the results obtained after analysis of the 
bicmass for protein and residual cellulose content. Approximately 
84% of the available cellulose was utilized when A. terreus was 
cultured in batch or semi-continuous cultivation modes. Experiments 
2 and 3 indicate that there is no loss in the ability to utilize 
cellulose or in protein production over two successive growth cycles 
even though the fermentation period was decreased by 20% to 24 hours. 
Ihe crude protein content of the dried product ranged from 30-33%.
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TABLE 5
SPECIFIC GROWTH RATES OF CELLULOSE-GROWN ASPERGILLUS 
TERREUS DURING SEMI-CONTINUOUS CULTIVATION 
















1 10 35 30 0.094 7.4
2 10 35 24 0.095 7.3
3 10 35 24 0.091 7.6
Experiments 1, 2, and 3 were conducted using alkali-treated 
Solka-floc as the cellulose source. In Experiments 2 and 




UTILIZATION. OF CELLULOSE AND PROTEIN CONTENT OF THE DRIED 
PRODUCT OF CELLULOSE-GROWN ASPERGILLUS TERREUS 
DURING SEMI-CONTINUOUS CULTIVATION WITH




















1 35 30 49.2 7.7 84.3 30.0
2 35 24 45.5 7.4 83.7 32.0
3 35 24 45.8 7.4 83.8 32.5
Experiments 1, 2, and 3 were conducted using alkali-treated Solka-
floc as the cellulose source. In Experiments 2 and 3, 10% of the 
bicmass was used as the inoculum from the previous experiment.
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Results obtained from continuous cultivation of cellulose- 
grown A. terreus are shown in Table 7. Utilization of cellulose ranged 
from 78-84% over dilution rates ranging from 0.10-0.14 h’""1. Experi­
ments 3 and 4 clearly indicate that elevated growth temperatures 
(40C and 45C) had no effect on rapid growth on cellulose as carbon 
source. At these tarperatures, a minimum doubling time of 5 hours 
was measured. Results in Table 8 indicated that a product containing 
32-35% crude protein was produced at growth rates tested.
Experiments were then conducted to evaluate the ability of 
crude oellulases to produce glucose syrups by enzymatic hydrolysis of 
cellulose. It was necessary to determine the optimal temperature and 
pH profiles of these enzymes to maximize the production of glucose. 
Culture medium was used as a source of crude enzyme to make certain 
that adequate acitivities of B-glucosidase were present. The effect 
of temperature on saccharification of cellulose are summarized in 
Table 9. These data show that 45C and 50C are the optimal temperatures 
for maximum saccharification of cellulose at pH 4. At these tempera­
tures, over 70% of the available cellulose was saccharified in 24 
hours using an initial substrate loading of 9 g/1. The resulting 
glucose syrups contained from 0 . 73-0.74% sugar. At 55C, there appeared 
to be slight inhibitory effects on enzyme activity, especially after 
18 hours. Experiments conducted at 60C shoved that severe enzyme 
inactivation resulted. At this temperature, only 42% of the substrate 
was saccharified in 24 hours. There was no increase in glucose 
production after 18 hours of incubation indicating total inactivation 
of the enzyme complex had occurred. In these experiments, enzyme 
strength was measured at 0.186 units/ml of culture medium.
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TABLE 7
CELLULOSE UTILIZATION DURING CONTINUOUS CULTIVATION 
















1 0.10 35 1500 330 78.0
2 Q .11 35 1500 250 83.3
3 0.14 40 1500 270 82.0
4 0.14 45 1500 237 84.2
Samples for analysis were removed frcm the fermsntor 6-8 residence 
times after the culture was adjusted to a given dilution rate.
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TABLE 8
PROTEIN CONTENT OF THE BIOMASS FROM CONTINUOUS 



















1 0.10 35 868 306 35.3
2 0.11 35 870 280 32.2
3 0.14 40 780 273 35.0
4 0.14 45 873 303 34.7
Samples for analysis were removed from the fermsntor 6-8 




effect of temperature cn saccharification
OF ALKALI-TREATED SOLKA-FLOC BY" MYCELIUM 
OF ASPERGILLUS TERREUS
^ ^ \ T i m e  (h) 
Temp. (C) 2 6 18 24
40 1.5 (15) * 3.2 (32) 6.1 (61) 6.5 (65)
45 1.9 (19) 3.9 (39) 7.0 (70) 7.3 (73)
50 2.0 (20) 4.0 (40) 6.5 (65) 7.4 (74)
55 2.8 (28) 5.1 (51) 6.1 (61) 6.9 (69)
60 2.3 (23) 3.8 (38) 4.2 (42) 4.2 (42)
glucose concentration - g/1 
cellulose concentration - 9 g/1
*Nutfoers in parentheses denote per cent saccharification.
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Experiments were also conducted to determine the pH optimum 
of this enzyme complex when cellulose was saccharified at 50C. These 
results are shown in Table 10. Maximum production of glucose occurred 
at pH 5 with 61% of the available cellulose saccharified in 18 hours. 
Comparison of enzymatic activities measured at pH 5 and at pH 4 
indicated that crude cellulase activity was approximately 10% lcwer 
at pH 4. However, it was important to note that contamination of 
culture medium occurred in experiments where the pH was adjusted 
to 5 or 6 . These data suggest that pH 4 is the desired pH to employ 
since, at this pH, only 10% of the enzymatic activity is lost while 
showing no evidence of contamination under non-sterile conditions. 
Evaluation of sugar production at pH 3 indicated that enzyme activity 
was severely inhibited while at pH 6, glucose production was comparable 
to that noted at pH 4. The lowered sugar production noted in Table 10 
was due to the culture medium having lcwer enzyme strength. In 
these studies, the culture medium contained 0.092 units/ml of culture 
medium.
The effect of trace metals on crude cellulase activity was also 
measured to determine if there was a requirement necessary to allow 
maximum enzymatic activity. Earlier studies had suggested that this 
anzyme does have cofactor requirements since glucose production 
dramatically increased upon changing from citrate buffer to acetate 
buffer adjusted to the same pH.
A summary of these studies are shewn in Table 11. These data 
indicate that there vere no additional oof actor requirements necessary 
to achieve maximum enzymatic activity. This fact does not rule out that 
cellulases have certain oofactor requirements but suggests that adequate
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TABLE IQ
EFFECT OF EH ON SACCHARIFICATION OF ALKALI-TREATED 




2 6 18 24
3 1.6 (16)* 2.8 (28) 4.0 (40) 4.3 (43)
4 1.7 (17) 3.2 (32) 5.4 (54) 6.0 (60)
5 2.0 (20) 3.3 (33) 6.1 (61) 5.2 (52) **
6 1.6 (16) 3.0 (30) 5.2 (52) 5.3 (53)**
glucose concentration - g/1 
cellulose concentration - 9 g/1
* Numbers in parentheses denote per cent saccharification. 
**Contamination was noted in these saccharification experiments.
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TABLE 11
EFFECT OF TRACE METALS ON SACCHARIFICATION 








































Control - 3.40 67.8
Cellulose concentration: 4.5 g/1
*Interference with the DNS reagent was noted upon addition of these 
trace metals.
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amounts of trace metals are available in the culture medium to allow'
maximum enzymatic activity.
These results originally suggested that cobalt and manganese
additions dramatically increased cellulase activity. However, upon
measuring standard curves for glucose in the presence of either of
these trace metals, it was found that these trace metals caused
abnormally high absorbance values when compared to glucose standards
lacking these trace metals. It was also found that several trace
metals inhibited enzyme activity and these included copper and iron 
_2at 3D M concentrations.
DISCUSSION
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Aspergillus terreus has been shewn to acrtively degrade high 
levels of cellulose over short incubation periods. Cultures of 
aellulose-grcwn A. terreus can be easily grown to high cell densities 
with significantly high protein content under batch or semi-continuous 
cultivation conditions. Experiments showed that crude cellulases were 
quite active on pretreated Solka-floc and resulted in a high percentage 
of cellulose being saccharified. These data suggest that the bicmass 
and crude cellulases of A. terreus shew potential for ooimercial 
production of Single Cell Protein as animal feed and/or for production 
of glucose syrups from enzymatic hydrolysis of cellulose.
In order to achieve the maximum growth potentiality of A. terreus, 
it was necessary to understand the basic physiology of the organism. 
Studies of continuous cultivation of glucose-limited fungi greatly 
facilitated the understanding of its growth behavior in submerged 
culture. The development of a highly optimized medium resulted from 
continuous cultivation studies. The use of this medium allowed A. 
terreus to grow at maxiirum specific growth rates (Figure 2) under 
glucose-limited conditions which were equivalent to that calculated 
for batch culture (Figure 1) . This is in contrast to difficulties 
encountered by other workers in achieving rapid growth rates with 
fungi in stirred tank fermentors.® It was also apparent that if the 
medium was truly optimized, then the difficulties involved in scale-up 
should be minimized. Upon proportionate increase of the nutrient 
package, there was no growth inhibition noted or dramatic changes in
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dry weight yields using glucose, as carbon source (Table 2). ffeasure-
irents of growth rate by several investigators have shown that fungi
grew more rapidly under optimal conditions than" growth rates reported
by Kihlberg. 1/4,6,33,92 similar results were obtained in this study
(Figures 1 and 2) . Of particular importance was the fact that all
specific growth rates measured were greater than 0 .20 h-1, a rate rapid
enough for development of a ccranercial fermentation process.1
Evidence for the thermotolerance of A. terreus was noted when
the organism was grown on glucose and cellulose as sole carbon source
(Figure 1 and Table 7) . This property is important for development of
an economic fermentation process due to minimizing costs for maintain-
ence of fermentation temperatures. Other species of Aspergilli have
exhibited this physiological property. Studies by Eeade and Gregory
and Gregory et al. have shown that certain strains of A. fumigatus have
2.X 69optimal growth temperatures up to 45C. ' Thermotolerance is also
widespread among cellulose-decomposing fungi. Rosenberg found that
14 of 21 thermotolerant or thermophilic fungi tested could actively
76degrade cellulose or lignocellulose.
Grcwth yields measured for glucose-limited A. terreus under 
steady state conditions are in agreement with reports found in the 
literature. These studies shew yields ranging frcm 0.43-0.53 for a 
variety of different fungi under batch, seni-continuous, or continuous 
cultivation conditions.8,21,28,67'89 These values are well within 
the range of 0.45-0.54 reported in this study (Figure 2 and Table 2).
Published values for the maintenance energy coefficient for 
glucose in glucose-limited filamentous fungi are comparable to measure­
ments made in this study (Figure 3). Maintenance values range from
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0.018-0.019 g glucose/g dry weight/hour for wild type8 and mutant4
strains of A. nidulans while slightly higher values of 0.022 g
73glucose/g dry veight/hour were found for P. chrysogenum. The value 
measured for A. terreus (0.015 g glucose/g dry weight/hour) is some­
what lcwer than the above values. This is probably due to the 
optimized growth conditions used in culturing this organism.
Crude protein content found in glucose-limited A. terreus was 
higher than most reported values. Ranges of 40-48% have been shown 
< in carbohydrate-grcwn Aspergilli-*- »12,21,84 f̂oiie values for Fusarium 
sp. varied considerably from 38-55%. 12,15,40 'ihe higher crude protein . 
values (60.6%) found in A. terreus are probably a reflection of the 
higher growth rates achieved in this organism.
There is a wide diversity of opinion as to the nutritional value 
provided by fungal biomass as a source of protein. Anderson et al. have 
suggested that measurement of crude protein in filamentous fungi may 
not accurately reflect the biological value of the biomass since 
considerable amounts of non-protein nitrogen are found in RNA and amino 
sugars.̂  However, studies by Smith et al. have clearly shewn that 
purified or combined chitin is highly digestible ranging from 82-94% 
and 60% in feeding trials with pigs and rats, respectively.84 Thus, 
the feed value of fungal SCP needs to be further clarified. It was 
also interesting to note that the ratio of true protein to crude protein 
was relatively constant at 0.65 for all grewth rates tested. This would 
suggest that non-protein and protein nitrogenous components must 
increase proportionately with increasing grewth rates. Similar ratios 
have been measured by other workers in glucose-grown Fusarium
1 9oxysporum and F. momlxforme.x
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True protein content has been measured at approximately 35%
PI PRof the dry weight of Aspergillus species. 7 This is well within 
the range of true protein values found for glucose-grcwn A. terreus 
under continuous cultivation conditions (Figure 4). Other genera of 
fungi being currently tested for SCP production have shown true 
protein values ranging from 30-42%. 1/12/15,40
Levels of ENA shown in Figure 4 are comparable to results 
presented in other studies. Investigations by Maoris and Kokke and 
Andersen et al. have shewn ENA levels ranging fron 6-8% and 6-13%, 
respectively, in Fusarium species grown under continuous cultivation 
conditions.1/40 ^  each Gf these studies, it was shown that RIA
content was proportional to the specific grewth rate at which it was 
cultured.1'72'90
It was also apparent that trends in DNA synthesis as a 
function of increasing growth rates were clearly different from that 
seen with ENA. ENA content of glucose-limited A. terreus decreased 
with increased growth to 0.163 h“-*- and sharply increased at higher 
growth rates. It is tempting to speculate that the high content of 
DNA at lew growth rates may be due to a reflection of the biochemical 
changes in the mycelium resulting from secretion of substances into 
the medium. While ENA content is significantly low, especially when 
compared to bacteria, a 48% increase in DNA content did occur between 
specific growth rates ranging from 0.163-0.047 h”'*' (Figure 4).
Similar values for DNA content in the Aspergilli have been reported 
by Smith et ai.^
Marked differences were noted upon comparison of the effects 
of growth rate on cell carbohydrate content with the results of other
66
investigations. Maoris and Kokke reported that cell carbohydrate 
increased with increasing growth rate with values ranging from 15-26%. 
This represents an overall increase of 73%.40 While the values 
measured by these investigators are compatible with those noted in 
Figure 4, the trend found by these authors is entirely different from 
what was shewn in this study. Total carbohydrate content of glucose- 
limited A. terreus showed an overall decrease of 29%. Several reasons 
may account for these discrepencies. There were differences in the 
type of substrate employed since a complex carbohydrate (carob extract) 
was used in studies by Macris and Kokke while this study used glucose 
salts as nutrient medium. Use of this complex carbohydrate resulted 
in differences of trends in growth parameters measured in both 
studies. Bicmass yields of F. moniliforme increased with increasing 
grewth rates ranging from 0.48-0.71. These values are excessively 
high when compared to other glucose-grown fungi and represent a 
28-87% increase in yield when compared to semi-continuous cultivation 
studies performed with the same o r g a n i s m . - ^  It is obvious that other 
nutrients present in the carob extract are consumed which contribute 
significantly to excess dry weight values. Other values published 
for glucan content in the Aspergilli agree with values found in this 
study. ̂
Analyses of macromolecules in glucose-limited A. terreus 
account for 62-69% of the total dry weight. The behavior of other 
macromolecules such as chitin and lipids have not been analyzed. 
Published values for chitin content in the biomass of Aspergilli
OfTindicates that this macromolecule makes up 25% of the dry weight. 
Assuming that a comparable value exists in A. terreus, the total
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day weight accounted for increases from 62-69% to 87-94% and thus 
accounts for virtually all of the biomass.
It was assumed during the early phases of this project that 
information acquired from glucose-grown cultures would be directly 
applicable to cellulose-grown cultures since cellulose was composed 
of glucose. This hypothesis could be tested because studies were 
conducted at identical growth rates in glucose-limited (0.099 h”l or 
a 7.0 hour doubling time) and cellulose-grcwn (0.094 h_1 or a 7.4 
hour doubling time) A. terreus (Figure 4 and Tables 3 and 5). It 
was found that true protein content in the mycelium of fungi on 
either substrate was virtually identical. With this knowledge, it 
is plausible to assume that the macromolecular profile of cellulose- 
grown A. terreus grown under batch or semi-continuous cultivation 
conditions is similar if not identical to the macromolecular profile 
of glucose-limited A. terreus at the same growth rate.
Most studies conducted on the bioconversion of cellulose to 
SCP have shown low cellulose utilization, lew protein production, and 
long incubation times. However, there are several investigations 
which have comparable data to those found for cellulose-grown A. 
terreus. Chahal et al. reported similar cellulose utilization values 
(80%) for C. cellulolyticum grewn on pretreated wheat straw although 
lower values (60%) were reported when C. cellulolyticum or T. viride 
was grown on pretreated Solka-floc or sawdust as substrate. The most 
significant difference noted in studies with cellulose-grown A. terreus 
was that it took 17-33% less time to achieve the same result. Studies 
of C. cellulolyticum were carried out only in batch culture while 
investigations with A. terreus were determined in batch,
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semi-continuous, and continuous cultivation modes without loss of 
ability to utilize cellulose (Tables 4, 6 , and 7).
The crude protein content from cellulose-grown A. terreus 
is comparable to results found in other studies. Comparison of 
protein production from A. terreus and T. viride grown on cellulose 
showed that A. terreus produced 34-56% more crude protein than T. 
viride. ̂  While the amounts of crude protein produced in A. terreus 
were similar to that produced in T. fusca, it required 4 times 
longer to produce the biomass in the latter process.^ Higher 
production of crude protein was reported in cellulose-grown C. 
cellulolyticum. ̂ ^  The amount of protein was measured by the biuret 
reaction in these cultures. It has been reported by Christias et al. 
that analysis of fungal protein by the biuret method results in higher 
values for protein content when compared to results obtained with 
the Lowry method or with total amino acid analysis. In contrast, 
the results obtained after analysis of protein by the Lowry nethod 
were in agreement with values obtained from total amino acid analysis.-^ 
Thus, these results suggest that the protein content found in fungal 
biomass may be dependent upon the method of protein analysis.
The ultimate goal of this project was to develop a continuous 
fermentation process using cellulose as sole carbon source. The 
maximum specific growth rates (5 hour doubling time) recorded at 40C 
and 45C is one of the highest growth rates recorded for continuous 
cultivation of cellulose-grown fungi (Table 7) . Comparison of the 
results of continuous cultivation of cellulose-grown A. terreus and 
T. viride show that 75% higher specific growth rates and 12% higher 
cellulose utilization values were measured in fermentations of
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A. terreus.62 The protein content of the dried bianass were similar 
in both studies (Table 8).
The pH and temperature optima of crude cellulases of A. terreus 
are similar to other characterized fungal asllulase complexes. The 
most well-defined cellulase complex, found in T. viride, shows 
maximum celluiolytic activity at pH 4.8 and at an incubation tempera­
ture of 50C.^ Shewale and Sadana shewed maximum activity at pH ranges 
of 4.0-4.5 and at temperature ranges of 40-50C.®® Cellulase complexes 
isolated from species of Aspergilli have shown pH optima ranging from 
pH 4-5 and temperature optima ranging from 45-55C. 14,27,38,60 ,98 
results obtained for A. terreus cellulase in this study shewed similar 
temperature and pH ranges for optimal enzymatic activity (45-50C and 
pH 4-5).
The cellulase complex of A. terreus (IJMARI 6.2), isolated and 
characterized by Pal and Ghosh, has similar pH and temperature optima 
(pH 5.0-5.4 and 45C) as the crude cellulase characterized in this 
study.60 However, there ware other properties noted that suggested 
that the enzyme in this study is a different protein. At pH 4, cellulase 
activity only decreased by 10% when compared to activity obtained at 
pH 5 in this study (Table 10). The aizyme characterized by Pal and 
Ghosh lost 78% of its activity at the same pH. In addition, significant 
loss of enzymatic activity was noted at 55C by Pal and Ghosh while this 
study shewed only a 4% loss in glucose production in 24 hours at the 
same temperature (Table 9).
Results obtained from saccharification experiments are compatible 
with data obtained by other investigators. Ifeports indicate that syrups 
containing 25-55 g/1 of glucose are routinely produced from 5-16%
cellulose, suspensions using fungal oellulases from different organ­
i s m s . - ^ /  44 >80 Syrups containing much higher glucose concentrations 
(190-220 g/1) have also been reported. ̂  While the sacchari.fication of 
cellulose suspensions by crude cellulases of A. terreus are equivalent 
to results shewn in other studies, the substrate loadings (0.9%) and the 
resulting syrups (0.75%) are much lower. However, scale-up studies 
have shewn that up to 40 g/1 of glucose was produced in 24 hours with 
over 70% saccharification. Thus, a five-fold increase in substrate 
loading resulted in only minor losses in saccharification potential. 
These data suggest that glucose syrups may be readily produced using 
the enzymes produced from this fungal SCP process.
In conclusion, the results obtained in this investigation 
indicate that the processes developed for SCP and glucose production 
are competitive with or superior to existing fermentation processes. 
There are few fermentation processes that have maximized the growth 
potentiality of cellulose-decomposing organisms to the extent shewn in 
this study. Future problans will involve scaling up to production 
fermentors as well as investigations in strain improvement.
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